Abstract We present stable isotope and geochemical data from four sediment cores from west of Prins Karls Forland (ca. 340 m water depth), offshore western Svalbard, recovered from close to sites of active methane seepage, as well as from shallower water depths where methane seepage is not presently observed. Our analyses provide insight into the record of methane seepage in an area where ongoing ocean warming may be fueling the destabilization of shallow methane hydrate. The d
Introduction
The contributions of different natural and anthropogenic sources of methane (CH 4 ), a potent greenhouse gas, to rising atmospheric methane concentrations remain poorly constrained [e.g., Kirschke et al., 2013; Nisbet and Chappellaz, 2009] . Seafloor methane seepage in the Arctic [e.g., Sahling et al., 2014; Shakhova et al., 2014; Smith et al., 2014; Westbrook et al., 2009 ] is of particular interest as climate warming is amplified in polar regions [e.g., Parmentier and Christensen, 2013] where many methane sources are climate sensitive [e.g., Fisher et al., 2011] . Understanding how Arctic seafloor methane seepage is likely to respond to further warming requires knowledge of the history and duration of the seepage observed today.
Methane hydrate, an ice-like compound which forms under high pressure and low temperature conditions from methane-saturated water, is a natural temperature-sensitive methane reservoir [Hester and Brewer, 2009] . Significant quantities of methane are stored as hydrate in marine sediments [e.g., Dickens, 2011; Piñero et al., 2013] . The volume of the gas hydrate stability zone (GHSZ) decreases in response to increasing ocean bottom water temperatures, causing a likely release of gaseous methane [e.g., Dickens, 2011; Reagan and Moridis, 2007] . Methane released from destabilizing hydrate and offshore permafrost in marine sediments may currently be bubbling into ocean bottom waters in the Arctic, North Atlantic, and North Pacific oceans [Berndt et al., 2014; Hautala et al., 2014; Skarke et al., 2014; Shakhova et al., 2014; Westbrook et al., 2009] .
Seafloor methane seepage near the present-day landward limit of the GHSZ offshore western Svalbard, discovered in 2008 [Westbrook et al., 2009] , has been suggested to be related to twentieth century temperature-driven hydrate dynamics [Ferr e et al., 2012; Reagan and Moridis, 2009; Sarkar et al., 2012] . However, dating of authigenic carbonates at sites of present-day seepage indicates that the seeps have been active for at least 3000 years before present (BP) [Berndt et al., 2014] . Seasonal and decadal temperature A record of past marine environmental conditions is preserved in the calcite tests of foraminifera, which are unicellular marine organisms that build up protective exoskeletons through biomineralization. During the process of biologically controlled mineralization, foraminifera record chemical changes in their environment. For more than half a century [Emiliani, 1955] , it has been accepted that the oxygen isotopic composition (d 18 O) of foraminiferal carbonate tests reflects the oxygen composition of ambient water, thus providing a proxy for ocean temperature Epstein and Mayeda, 1953; Urey et al., 1951] . In addition, the carbon isotopic signature (d 13 C) of calcite in benthic foraminifera reflects that of dissolved inorganic carbon (DIC) in the waters in which they calcified. The d 13 C of foraminifera is mainly controlled by global shifts related to changes in terrestrial vegetation and/or large-scale burial oxidation of sedimentary organic matter, and also by export production, respiration at depth, and age of deep water [e.g., Rohling and Cooke, 2002] . This explains its widespread use to reconstruct past changes in deep-water mass distribution and deep-water nutrient concentrations [Kroopnick, 1985] . Other influences on benthic foraminiferal d 13 C are due to the microhabitat effect, and the carbonate ion concentration effect [e.g., Rohling and Cooke, 2002] .
In methane seep environments, the carbon isotopic signature of DIC in sediment pore waters and sometimes overlying seawater is dramatically 13 C-depleted (d 13 C DIC can be lower than 240&) [e.g., Torres, 2003 ] relative to the normal marine environment (21& to 1&) [Ravelo and Hillaire-Marcel, 2007] . This is due to the metabolic coupling between archaea that oxidize methane that can have a microbial (d 13 C-CH 4 5 2100& to 255&) and/or thermogenic origin (d 13 C-CH 4 5 255& to 240&) [Whiticar, 1999] , and a variety of bacteria that reduce sulfate and produce sulfide and DIC. Under high pressure and low temperature conditions, this methane may have been in the hydrate phase. When methane rising from depth encounters pore water sulfate, anaerobic oxidation of methane (AOM; equation (1)) occurs in a distinct sediment interval termed the sulfate methane transition zone (SMTZ) [e.g., Hoehler et al., 1994] . Methanederived DIC produced by AOM has a light isotopic signature [e.g., Whiticar, 1999] , preserved in authigenic carbonates which precipitate due to local carbonate supersaturation at the SMTZ (equation (2)) [e.g., Bayon et al., 2007; Berndt et al., 2014; Greinert et al., 2001; Ritger et al., 1987] . The depth of the SMTZ is controlled by the methane flux [e.g., Borowski et al., 1996] . High methane fluxes result in AOM occurring close to the sediment-seawater interface, the establishment of benthic chemosynthetic communities including sulfide oxidizing bacterial mats, benthic aerobic oxidation of methane in ocean bottom waters (equation (3)), and the precipitation of authigenic carbonate crusts on the seafloor (equation (2))
The suitability of benthic and planktonic foraminifera for tracing past and present methane seepage activity is a subject of current debate. Deconvolution of the geochemical signals from primary foraminiferal calcite (formed during calcification) and secondary calcite overgrowths (precipitated on dead foraminifera in carbonate-saturated pore waters produced by AOM) is an active area of research [e.g., Millo et al., 2005a Millo et al., , 2005b Panieri et al., 2012 Panieri et al., , 2014 Pena et al., 2005; Martin et al., 2010; Torres et al., 2010] , but the possibility of using foraminifera carbon isotopic signatures to establish the location and timing of methane venting during the last deglaciation in the Arctic has also been explored [e.g., Consolaro et al., 2015; Panieri et al., 2014] . Preliminary data reveal a series of large negative excursions in benthic foraminiferal d
13
C interpreted to result from incorporation of 13 C-depleted carbon from methane emissions during the primary biomineralization of the tests, and likely ingestion of 13 C-depleted methanotrophic microbes [Panieri, 2006; Rathburn et al., 2003] . Additionally, in both benthic and planktonic foraminifera extremely negative d
C values (i.e., from 25% to 215%) have been interpreted to reflect precipitation of methane-derived authigenic carbonates as secondary overgrowths on the primary foraminifera tests [e.g., Consolaro et al., 2015; Panieri et al., 2014; Torres et al., 2010] .
We present benthic and planktonic foraminiferal isotope data from sediment cores collected at the presentday GHSZ limit close to sites of active methane seepage offshore western Svalbard, as well as from cores collected at shallower water depths that would have been located within the GHSZ in the past. We evaluate the potential of foraminiferal calcite as a tool for investigation of the history of seafloor methane seepage in this critically temperature-sensitive Arctic environment. We hypothesize that if seafloor methane seepage currently observed at the landward limit of the GHSZ results from recent retreat of the GHSZ from shallower waters, then a record of methane seepage would be preserved in these sediments. Our results demonstrate that foraminifera tests record long-term fluctuations in methane release at the present-day GHSZ limit, serving as nuclei for the formation of methane-derived authigenic carbonate. Both benthic and planktonic foraminifera exhibit negative values of d 13 C and we interpreted these anomalies as being due to secondary carbonate precipitation after the benthic and planktonic foraminifera were buried. While for benthic foraminifera there are still open questions related to their possibility to record methane during primary biomineralization [Herguera et al., 2014; Wollenburg et al., 2014] , the planktonic foraminifera are not expected to record any signal from methane in the water column in this setting since the dissolved methane is rapidly dispersed and oxidized [Graves et al., 2015; Steinle et al., 2015] . However, our results do not elucidate any relationship between gas hydrate dissociation and seafloor gas emissions. No record of past methane seepage is recorded in foraminifera tests at shallower water depths. Finally, we show that radiocarbon ages are systematically shifted toward older values, due to precipitation of methane-derived authigenic carbonate overgrowth.
Geological and Oceanographic Setting
The western Svalbard continental margin consists of several cross-shelf troughs which were the drainage pathways of fast-flowing streams of ice sheets that reached the shelf several times in the PliocenePleistocene, with the present-day shelf break marking their maximum expansion Svendsen et al., 1999; Ing olfsson and Landvik, 2013] . On the northwest Svalbard margin, the base of the prograding glacial wedge (seismic unit YP3) [Eiken and Hinz, 1993] Figure 1 . Map of study area offshore western Svalbard, showing (A) the study area, (B) locations of seafloor methane seeps mapped during cruise JR253, and (C) the seasonal limits (light grey area) of the present-day gas hydrate stability zone. Bathymetry in A is the GEBCO_08 Grid version 20100927 (http://gebco.net), contour interval is 1000 m (black lines), and in B and C are shipboard data from JR253. In C, light grey region indicates the maximum extent of the wintertime gas hydrate stability zone, and dark grey region sediments in which hydrate is expected to be stable year-round [Berndt et al., 2014] .
Geochemistry, Geophysics, Geosystems
The present-day landward limit of the GHSZ off western Svalbard is at 400 m water depth ( Figure 1c ) [Berndt et al., 2014] . Seafloor methane seepage occurs west of Prins Karls Forland in the inter-fan region between the Isfjorden and Kongsfjorden cross-shelf troughs (Figure 1 ) [Sahling et al., 2014; Westbrook et al., 2009] . Seismic surveys indicate the presence of shallow gas in the upper continental margin sediments, and shallow methane hydrate deposits further offshore [Chabert et al., 2011; Rajan et al., 2012; Sarkar et al., 2012] . Gas migration appears to occur through permeable hemipelagic sediment sequences, which are variably capped by less permeable glacigenic sediments on the upper slope and shelf [Rajan et al., 2012; Sarkar et al., 2012; Thatcher et al., 2013] . The majority of methane seeps occur between 360 and 415 m water depth [Sahling et al., 2014] , which corresponds to the depth range over which the landward limit of the GHSZ has shifted due to changes in bottom water temperatures in this region over the past 30 years [Ferr e et al., 2012; Westbrook et al., 2009] . Methane seepage in this area has been suggested to occur through permeable glacimarine strata and fractures [Sarkar et al., 2012] .
The methane seeps that lie close to the present-day landward limit of the GHSZ (385-395 m water depth) are associated with authigenic carbonates that have extremely negative carbon isotopic signatures, indicating incorporation of methane-derived carbon. U/Th dating of carbonates buried up to 240 cm depth in the sediments indicates that they precipitated between 3 and 23 ka BP [Berndt et al., 2014] . Farther offshore, at water depths of ca. 1200 m, shallow methane hydrate and seafloor methane seepage are associated with faults providing a gas conduit through the GHSZ [Hustoft et al., 2009; Plaza-Faverola et al., 2015] , and the foraminiferal calcite carbon isotopic record suggests intervals of seepage and quiescence for at least the last 23 ka which may be linked to climate events [Consolaro et al., 2015; Panieri et al., 2014] .
Warm and saline Atlantic Water of the West Spitsbergen Current (WSC) [Aagaard et al., 1987] flows northward over the upper slope offshore Western Svalbard, while colder Arctic water of the East Spitsbergen Coastal Current flows northward over the shelf [Saloranta and Svendsen, 2001] . Historical temperature measurements in the WSC record multiple warming and cooling events since 1950, with overall warming since 1975 [Ferr e et al., 2012; Westbrook et al., 2009] . Spielhagen et al. [2011] showed that the current Fram Strait ocean temperatures represent a maximum for the last 2000 years. A Holocene thermal maximum occurred at 9.7-8.8 ka BP [Ebbesen et al., 2007] . The final deglaciation of the shelf occurred after the Younger Dryas stadial (11.7-12.9 ka BP) [Rasmussen et al., 2006] , and was preceded by a glacial readvance at 14.5 ka BP at the transition into the Bølling-Allerød interstadial (15-14.6 ka BP) [Jessen et al., 2010, and references therein] . During the last glacial maximum (32-20.5 ka BP) full glaciation of the shelf occurred at 24 ka BP [Jessen et al., 2010; M€ uller and Stein, 2014] .
Along with temperature variability, glacial cycles were accompanied by local and global sea level changes due to ice volume changes and ice loading [Ing olfsson and Landvik, 2013; Forman et al., 2004] . Global sea level was at a minimum at 26 ka BP [Jessen et al., 2010] . Modern sea level was established at 5.2 ka BP [Werner et al., 2013] .
Materials and Methods
Sediment cores (PC, piston core and GC, gravity core) were collected during RRS James Clark Ross cruise 253 in August 2011. Locations are shown in Figure 1 , and sampling sites are listed in Table 1 . Two cores were collected within the area of seafloor methane seepage near the present-day landward limit of the GHSZ at 386 m water depth (GC03) and at 374 m water depth (PC06), and two cores (GC01 and PC07) were collected to the east in shallower waters (respectively, 340 and 323 m) where methane seepage is not presently observed. Hereafter, the cores are referred to as ''GHSZ-limit'' cores and ''eastward'' cores. The GHSZ-limit 
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cores were recovered within a few meters of active methane seeps identified by shipboard sonar and penetrated the depth of the present-day SMTZ (Figure 2 ), while the eastward cores were 1 km from the nearest seeps and did not penetrate the SMTZ. 
Sample Processing and Analysis
Upon recovery, sediment cores were cut into 50 cm sections and split lengthwise on deck. The working halves were immediately subsampled under a nitrogen atmosphere for methane, porosity, and pore fluid analysis. For methane analysis, 3 mL of sediment was withdrawn using a cut-off plastic syringe and placed in a 20 mL crimp-seal glass vial containing 5 mL of 1 M sodium hydroxide; headspace was analyzed by gas chromatography onboard ship (Agilent 7890; analytical reproducibility of standards better than 62%). Sediment methane concentrations were determined from headspace methane concentrations and porosity, calculated from the difference between the mass of wet sediment, and the mass of sediment after drying in an oven at 608C overnight. Pore waters were extracted by centrifugation under a nitrogen atmosphere, filtered through 0.2 lm cellulose acetate filters, and diluted by a factor of 200 with Milli-Q water. Sulfate concentrations were measured by ion chromatography (Dionex ICS250; reproducibility of replicate analyses better than 61%).
Core sections were stored at 48C onboard ship, and then at the British Ocean Sediment Core Research Facility (BOSCORF, National Oceanography Centre, Southampton, UK) where the archive half of each sediment core was logged for magnetic susceptibility (v) on an XYZ Multi-Sensor Core Logger (Geotek) at 0.5 cm intervals and elemental abundance was determined using the ITRAX core-scanning X-ray fluorescence system (Cox Analytical) [Croudace et al., 2006] at 1 mm intervals (molybdenum X-ray tube, 30 s measurement time, 30 kV, 50 mA). Both data sets were processed to remove intervals where sudden changes in core surface height interfered with the detectors. Element abundances are presented as total counts normalized to titanium (Ti) as a proxy for terrigenous input [Calvert and Pedersen, 2007] . Total inorganic carbon (TIC) and total carbon (TC) contents of the sediments were determined by carbon coulometry (model CM5130, furnace module CM5120, acidification module CM5130) on 50 mg of dried and ground sediment. Analytical reproducibility was better than 610%. The concentration of total organic carbon (TOC) was determined by subtracting TIC from TC.
Prior to sampling, a visual core description was made on both the working and the archive halves. The descriptions focused on the occurrence of carbonates (nodules, pebbles, etc.) and silt and/or sand layers and lenses in the sediment sequence. All visible turbidite structures, such as grading, sharp lithology changes due to basal erosion, detritus compositions, and fossil remains, were noted. High quality photos were taken of the archive half of each core (Figure 2 ).
Processing for Micropaleontological Analyses
Sediment samples for micropalaeontological and stable isotope analysis were collected at 1 cm intervals. Samples were dried, then weighed, soaked in distilled water, and wet sieved at 44 lm. The residues were dried, and sieved at 300 and 500 lm.
The preservation of tests was assessed by scanning electron microscopy (SEM, Hitachi TM3030 table top microscope). From core PC06, benthic foraminifera tests from a sediment depth of 2 cm and planktonic foraminifera from 10 cm where d 13 C isotopic values are in the range of normal marine environments and benthic foraminifera tests from 111 and 173 cm below sea floor (bsf) and planktonic foraminifera from 173 cm where d 13 C instead indicate negative values outside of the range of normal marine environment were selected for SEM investigation. Special attention was paid to secondary overgrowths on the tests.
Stable Isotope and Radiocarbon Analyses
For oxygen and carbon stable isotope analyses, monospecific benthic and planktonic foraminifera samples were hand-picked from the 44 to 300 lm size fraction. Accelerator Mass Spectrometry (AMS) radiocarbon dating was performed on 11 samples of mixed planktonic foraminifera (predominantly N. pachyderma together with G. bulloides) from all the cores. A total weight of 1.3-2.8 mg of clean, well-preserved specimens was hand-picked from the 44-300 lm size fraction. The samples were selected avoiding the finer-grained layers formed of sand and gravel dispersed in a silty-mud matrix. The picked material was submitted for analysis at the National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) radiocarbon laboratory at Woods Hole Oceanographic Institution (USA). Radiocarbon ages were calibrated using the marine calibration curve Marine13 (calibration curve maximum 46,806 year BP) [Reimer et al., 2013] which operates with a standard reservoir correction of 2400 years [Mangerud and Gulliksen, 1975] , and the program Calib 7.0 [Stuiver et al., 2014] . A regional reservoir correction (DR) of 7 6 11 years was applied, as recommended by Bondevik and Gullikesen in Mangerud et al. 
Results
Composition of Sediments
All cores contain multiple finer-grained layers formed of sand and gravel dispersed in a silty-mud matrix with sharp bottom and top contacts (Figure 2 ). The source of the gravel is exclusively terrigenous with abundant quartz, orthoclase, Ca-plagioclase, and lithic fragments. Silt layers and isolated mud clasts are present except in GC01. Carbonate nodules 2-5 cm in size were recovered at the base of both GHSZ-limit cores (GC03 and PC06) and are absent from the other two cores.
Magnetic susceptibility (Figure 2 ) is very low overall (median: 13 3 10 25 SI). However, all cores contain strong peaks in magnetic susceptibility corresponding to sandy layers, though not all sandy layers are characterized by high magnetic susceptibility.
Ca/Ti ratios, which are indicative of carbonate content, are similar in all cores, with an average value of 2. Intervals with higher Ca/Ti (>5) occur in the upper parts of GC01 and GC03, and in the lower part of PC06 and GC03 (Figure 2 ). Large broad peaks are typical of sandy intervals. GC03 contains a series of small Ca/Ti peaks which cannot be attributed to sandy layers, and correlate with depths from which carbonate concretions (2-5 cm diameter) were recovered. PC06 and PC07 both have slightly higher and much more variable calcium content, partially attributable to their larger proportion of discontinuous sand and silt layers.
The inorganic carbon content (TIC) of the eastward cores (GC01 and PC07) is relatively constant with depth at 0.5 wt %, with isolated (single data point) peaks reaching 1.1% and dipping below 0.05%. The GHSZlimit cores have higher and more variable TIC with an average of 0.6 6 0.3%, and a maximum value of 1.65%, corresponding to depth intervals containing visible authigenic carbonate nodules (Figure 2 ). The overall average sediment TOC content for all cores is 0.6 6 0.3 wt % and is relatively constant with depth. TOC and TIC values are in broad agreement with previously reported data from nearby sites [e.g., Elverhøi et al., 1995; Winkelmann and Knies, 2005] .
The GHSZ-limit cores penetrated the SMTZ identified by the depth where sulfate concentrations decrease below 1 mM, at 100 cm (bsf) in GC03 and 184 cm bsf in PC06. Above the SMTZ methane concentrations are less than 1 lM, while below they increase to >1.8 mM; note that some methane may have been lost due to degassing during recovery. The two eastward cores did not penetrate the SMTZ and if we assume that the sulfate concentrations continue to decrease linearly to the SMTZ this would occur at ca. 4 m bsf in GC01 and 5.5 m bsf in PC07.
Foraminiferal Stable Isotopes
Oxygen-isotope and carbon-isotope compositions of three benthic species (C. neoteretis, M. barleeanum, and N. labradorica) and one planktonic species (N. pachyderma) are listed in supporting information Tables  S1-S4 M. barleeanum range from 2.4& to 4.5& in core GC01, from 3.7& to 5.2& in core PC07, from 3.3& to 5.1& in core PC06, and from 4.2 to 5 in core GC03. The d
18
O values of N. labradorica ranges from 3& to 4.5& in core GC01, in PC07 from 4.2& to 5.2&, in PC06 from 4& to 5.3&, and from 4& to 5.3& in GC03.
d
13 C values of benthic foraminifera (Figure 3) show a similar pattern to planktonic N. pachyderma: eastward cores exhibit a narrow range of values typical of the normal marine environment (21.9& to 0.3&), while benthic foraminifera from GHSZ-limit cores are significantly more 13 C-depleted (227.8& to 20.02&). In both GHSZ-limit cores, the magnitude of negative isotopic excursions increases with depth. Given the large variability with depth and the relatively low depth resolution, the available data set is not expected to record all transitions between normal and 13 C-depleted values. Samples near the depth of the present-day 
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13 C values ranging from normal (21.45&) to significantly 13 C-depeleted (215&). In the eastward cores, there is a consistent pattern between the three benthic species analyzed: values for C. neoteretis are more positive than for N. labradorica, which is in turn consistently more positive than M. barleanum. This pattern does not hold for GHSZ-limit cores. While C. neoteretis has generally more positive d 13 C, in some intervals it has the more negative carbon isotopic signature. N. labradorica is generally isotopically more negative with intermediate d 13 C values observed for M. barleanum.
Radiocarbon Isotopes and d 13 C of Planktonic Foraminifera
Eleven radiocarbon dates were obtained for mixed planktonic foraminifera (predominantly N. pachyderma together with G. bulloides; Table 2 and Figure 2 ). For the eastward cores, in which planktonic and benthic d 13 C profiles reflect normal marine conditions, the dates are assumed to reflect stratigraphic ages. However, in GC01, the younger of the two radiocarbon dates is from the deeper sample. Neither sediment interval shows evidence of nonsequential sediment deposition, and d 13 C values reflect normal marine conditions.
We reject the older date, because we cannot completely exclude that some specimens of N. pachyderma were reworked from older sediments that could have been involved in processes such as subglacial discharge from meltwaters. to >50 ka) in some GHSZ-limit core samples (PC06 and GC03; Table 2 and Figure 2 ) imply methane as the dominant carbon source for the carbonate overgrowth precipitated on the foraminiferal tests. The very low d 13 C values of foraminifera could be due to either organic matter oxidation or methane oxidized to CO 2 by methanotrophic archaea. Although the first possibility cannot be excluded, the second hypothesis seems to be more realistic in the case of the investigated site near the GHSZ-limit area where seafloor methane flares are abundant.
Chronology and Core Correlation
The obvious presence of on-going and past methane seepage and the shallow SMTZ in the GHSZ-limit cores has clearly affected the AMS 14 C ages, and prevents precise chronostratigraphic constraints from the available data. Very old radiocarbon dates (uncorrected AMS 14 C ages of 40.3 to >52 ka) with low d 13 C values (21.68& to 211.44&) reflect incorporation of fossil 14 C-free methane. Magnetic susceptibility records may also have been altered by the presence of sulphide at the STMZ [e.g., Riedinger et al., 2006] , and the TIC content of the sediments and Ca/Ti ratio may reflect calcium carbonate precipitation related to AOM in addition to depositional variability. Furthermore, previous work on sediment cores in this area has revealed highly variable sedimentation rates and hiatuses, especially on the upper slope [e.g., Elverhøi et al., 1995; Jessen et al., 2010; Winkelmann and Knies, 2005; Zamelczyk et al., 2014] .
For these reasons, we must derive local stratigraphic constraints for the upper continental margin off western Svalbard from the literature: a Dates were determined using the Calib 7.0 software using the Marine13 calibration curve and reservoir correction of 7 6 11 years.
Minimum and maximum contributions of methane-derived carbon are calculated from a simple two-component mass balance, assuming methane-derived carbonate has d O from 4& to 2& at the beginning of the Holocene, 10 ka BP Elverhøi et al., 1995; Jessen et al., 2010; Mangerud et al., 1998 ].
ii. Spikes in d
18 O toward Holocene values at about 15 ka BP related to a local meltwater event, preceded by a decrease in TOC and simultaneous increase in CaCO 3 until about 20 ka BP Elverhøi et al., 1995; Lucchi et al., 2013] . iii. Mass transport deposits with low magnetic susceptibility at 24-23.5 ka BP consisting of dark coarse unsorted sediment with gravel sized clasts in a sticky, clayey, silty matrix [Jessen et al., 2010] .
A general stratigraphy based on these constraints and the radiocarbon dates is shown in Figure 2 (MWP-1A), a nearly instantaneous burst of terrigenous material at 14.6 ka associated with 20 m rise in sea level in <500 years [Bard et al., 1990; Edwards et al., 1993; Fairbanks, 1989; Hanebuth et al., 2000] , during the Bølling-Allerød interstadial, and (3) the core-base radiocarbon date of 19.55 6 0.08 cal ka BP. We assume a linear sedimentation rate and that the core top represents the present day. The resulting estimated sedimentation rates are 4 cm kyr 21 during the Holocene, and 90 cm kyr 21 during the Younger Dryas stadial.
The sedimentation rate for the Holocene is in good agreement with those previously reported for the upper Svalbard continental margin Elverhøi et al., 1995] .
Age constraints for the other three cores are poor. In PC07, a thick sand and silt interval is interpreted to represent mass transport deposits from 24 to 23.4 ka BP, in agreement with the core bottom radiocarbon date of 34 6 0.48 cal ka BP. This gives a low average sedimentation rate of 4 cm kyr 21 , which may imply that upper Holocene and Younger Dryas sediments are missing. This is consistent with the stratigraphy of nearby cores, which also show significant sediment hiatuses at the surface [Elverhøi et al., 1995; Jessen et al., 2010; Rebesco et al., 2013] .
In PC06, we also infer that surface sediments have been lost either during sampling or due to winnowing by high bottom water currents as described by Winkelmann and Knies [2005] . Taking 
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and silt beds intercalated with hemipelagic mud that we interpret as thin-bedded turbidite deposits. The age at the base of the core, which is beyond the detection limit of 14 C, is clearly affected by methanederived carbon since the d
13
C value of planktonic foraminifera is very low and the sample is close to the present-day SMTZ, and does not provide a reliable chronostratigraphic constraint.
Finally, in GC03, where all samples used for dating exhibit very negative d 13 C, all radiocarbon dates show a significant contribution from old, 14 C-free methane. The low resolution N. pachyderma d
18
O record (due to very few specimens of foraminifera) appears to indicate that Holocene sediments are either absent or restricted to the upper 20 cm. High calcium content (Ca/Ti) in the upper 20 cm is consistent with the Holocene and may be indicative of good recovery of surface sediments. Conversely, the very old radiocarbon age associated with near-normal d 13 C at 26 cm depth apparently indicates a significant loss of recent sediments; if the carbonate is only 1-8% methane-derived carbon then the actual sediment date should be very close to the measured value (43.7 6 1.5 cal ka BP). This seems unlikely based on records from nearby cores which are consistent with U/Th ages in carbonates from a core recovered less than 100 m away (13-11 ka at 60-120 cm depth) [Berndt et al., 2014] , assuming the carbonates (which have d 13 C values of <235&), reflect authigenic carbonate precipitation driven by anaerobic methane oxidation close to the sediment surface.
Discussion
Mass Balance Approach for Interpreting Isotopic Anomalies in Foraminifera
For GHSZ-limit cores, assuming that planktonic foraminiferal calcite carbon consists of a mixture of ''normal'' surface ocean DIC and diagenetic overprinting with methane-derived carbon, the measured radiocarbon activity and d
13
C value must reflect the relative proportions of the two carbon sources. For the diagenetic carbonate end-member, we use data from bulk sediments and carbonate concretions (including solid filling in a gastropod) from the seep region (d 13 C: 227& to 241&) [Berndt et al., 2014] . The primary foraminiferal calcite endmember is taken from the maximum and minimum d
C values for N. pachyderma in GC01: 21.2& and 0.5&. The resulting minimum and maximum contributions of methane-derived carbonate diagenetic overprinting on the planktonic foraminiferal samples used for radiocarbon dating are given in Table 2 .
Simple mass balance consideration (explanation in the caption of Table 2 ) of the radiocarbon data yields two interesting results. The first is that samples with the same d Table 2) . The younger PC06 date shows the small methane-derived carbon effect expected from the d 13 C data. The very old GC03 date appears to suggest a significant contribution of methane-derived carbon, which is not consistent with its d 13 C value. We have to take into account that since the measured species (N. pachyderma and G. bulloides) are the same in all samples, the primary d 13 C should be the same (d 13 C from 20.5& to 1&) [Jessen et al., 2010] . It seems unlikely that the sediments at this site reflect erosion or a depositional hiatus spanning the entire ages of the recovered sediments in the two eastward cores. The second noteworthy result of the mass balance analysis is that despite the expected overprinting of methane-derived fossil 14 C signature on the stratigraphic record, both GHSZ-limit cores show increasing age with depth. This is consistent with the accompanying decrease in d
C values, and may simply reflect that by chance, the eight samples selected for dating (5 in GC03 and 3 in PC06) were more negative at depth (Figure 2 ).
Evidence for Methane Transport Through the Sediments
The calcium content (Ca/Ti; Figure 2 ) of the GHSZ-limit cores is affected by calcium carbonate precipitation at the SMTZ (equation (2)) since the amount of calcium increases in this depth interval. This is particularly evident at the base of core PC06 (between ca. 175 and 210 cm bsf) where Ca/Ti peaks occur at the present-day SMTZ (at 184 cm bsf), and carbonate nodules were also present. In the same depth interval (between ca. 184 cm bsf to the base of the core), foraminifera exhibit a strong negative anomaly in d 13 C.
In contrast, in the eastward cores where the SMTZ is not present, Ca/Ti is relatively low and stable with peaks restricted to sandy intervals.
Hydrogen sulfide produced by AOM at the SMTZ promotes the dissolution of detrital magnetite. This reduction in sediment solid phase (oxyhydr)oxides can cause a drawdown in the magnetic susceptibility profiles Geochemistry, Geophysics, Geosystems 10.1002 across the SMTZ [e.g., Dewangan et al., 2013; Neretin et al., 2004; Riedinger et al., 2005] . The change in magnetic susceptibility depends on both the availability of detrital magnetite, and the amount of time that the SMTZ is fixed in a given sediment interval, the latter determined by a combination of sedimentation rates and methane fluxes. We observe no drawdown of magnetic susceptibility across the present-day SMTZ depth in the GHSZ-limit cores, nor any difference in magnetic susceptibility between the GHSZ-limit cores and the eastward cores in which sediments appear not to have been exposed to AOM (Figure 2 ). Despite lack of evidence for alteration of magnetic susceptibility by AOM, there is no stratigraphic correlation of magnetic susceptibility between cores.
In this investigation, d
13 C values of foraminifera carbonate tests appear to be much more sensitive to methane seepage than other sediment parameters. By providing nucleation sites for authigenic carbonate precipitation, foraminifera thus record the presence of even a transiently stable SMTZ, which is likely to be characteristic of the temporally variable methane fluxes near the limit of hydrate stability in marine sediments. At the SMTZ, the metabolic coupling between methane oxidizing archaea and sulfate reducing bacteria produces sulfide and dissolved inorganic carbon, including the potential for large increases in carbonate alkalinity that drive pervasive carbonate precipitation. It is likely that only high and sustained methane fluxes, which fix the SMTZ in a given sediment interval, are able to modify intrinsic properties of marine sediments.
Record of Past Methane Fluxes Offshore Western Svalbard
The extremely light foraminiferal calcite d
13
C values in sediments close to the GHSZ limit ( Figure 3 ) clearly indicate that both benthic and planktonic foraminifera record methane seepage on the upper continental margin off western Svalbard. The incorporation of light methane-derived carbon may partly occur during primary calcification of benthic foraminifera in sediments affected by methane seepage [e.g., Rathburn et al., 2003; Hill et al., 2004; Panieri et al., 2014] , but also during secondary carbonate precipitation on the outer part of the foraminiferal test caused by AOM [Torres, 2003 , Torres et al., 2010 Consolaro et al., 2015] . Secondary overgrowths via AOM can be deposited in near-surface sediments during times of high methane flux, but also at a subsurface SMTZ when methane fluxes are insufficient to bypass the microbial oxidation filter and reach the sediment-water interface. Normal N. pachyderma d
C values in eastward core GC01 in contrast with exceptionally low N. pachyderma d 13 C values in cores from the GHSZ limit which cannot be produced by biomineralization [cf. Millo et al., 2005a] , so much of this signal must be a result of secondary authigenic carbonate precipitation. This is confirmed by SEM investigation of foraminiferal tests (Figure 4 ): we observed that specimens from the eastward cores and those from GHSZ-limit cores with normal marine d
C values have pristine test walls, whereas specimens from the GHSZ-limit cores with very low d 13 C values have internal and external overgrowths of secondary calcite crystals and patina.
The presence of intervals with very low benthic foraminiferal d 13 C both above and below the depth of the present-day SMTZ indicates that methane fluxes in GHSZ-limit cores have varied in the past. During periods of colder bottom water temperatures, the cores would be located within the GHSZ so methane seepage would be expected to be blocked by hydrate formation in the sediments wherever pore fluids are methane-saturated. During periods of warming, the sampled sediments would be outside the GHSZ. Methane hydrate accumulated in near-surface sediments as hydrate would therefore dissociate, fuelling a high methane flux and shallow SMTZ depths near or at the seafloor. If warm conditions persist, all of the hydrate will dissociate, the sediment methane flux will decrease, and the SMTZ would shift to deeper depths. As we are unable to provide firm stratigraphic controls for these cores due to the presence of carbonate overgrowths on foraminiferal tests, we cannot relate periods of high versus low methane flux to specific climate events. Nevertheless, the oscillations in the depth of the SMTZ that we observe in our records imply that temperature-driven changes in gas hydrate extent are likely to play a role.
The absence of light methane-derived carbonate in the eastward cores, which are expected to have been located within the GHSZ at some point since the last glacial maximum [Ferr e et al., 2012; Thatcher et al., 2013] , implies either that (1) methane seepage has not occurred at these sites over the last 30 ka, or (2) past methane emissions in these sediments were weak or short-lived, such that authigenic carbonate did not accumulate at the SMTZ even as secondary overgrowth on foraminifera tests. has not occurred at either of the eastward core sites (now or in the past) because the cores were taken in or above geological formations that are aquitards, and thus preclude methane seepage. If this is correct, then it means that on some parts of the western Svalbard margin, lithological constraints on fluid flow pathways in low-permeability shallow sediments play a critical role in regulating sites of methane seepage. Therefore, temperature driven shifts in the size of the GHSZ are unlikely to be the most important control of sites of seafloor methane seepage despite the alignment of present-day seafloor seeps with a segment of the landward limit of the GHSZ. In support of this, methane seeps to the north of our study area are offset to slightly shallower water depths (<300 m) [Sarkar et al., 2012; Rajan et al., 2012] , and further north still there is no evidence for methane release at the landward limit of the GHSZ [Sahling et al., 2014] .
Conclusions
We have presented foraminiferal isotope, sediment geochemistry, and magnetic susceptibility from four sediment cores collected offshore western Svalbard. Two cores were collected from sediments where methane hydrate is hypothesized to have destabilized within at least the last 30 years and methane is currently being released at the seafloor, and two cores were collected from shallower waters depths which would have been within the GHSZ in the past (at some point since the last glacial maximum).
Benthic and planktonic foraminifera d 13 C provide a clear record of methane seepage in sediments collected from close to the depth of the landward limit of the present-day GHSZ. Negative shifts in d 13 C values, separated by at least one sample with normal marine values, occur in distinct intervals at both the present-day SMTZ and in deeper and shallower sediment intervals, recording long-lived but highly variable methane fluxes. The negative d 13 C values could be affected by carbon from organic matter oxidation, since the site is relatively shallow and close to the continental margin, and by migration and oxidation of methane. In addition, the magnitude of the d
13
C anomaly may be indicative of different types of methane seepage: from very slow diffusion through the sediments leading to ''inter-granular seepages'' or ''micro-seepages'' [Damm et al., 2005] to vigorous methane gas fluxes as observed at the main ridge of the Forlandet moraine complex [Sahling et al., 2014] . Precise timing of the methane emissions is difficult to establish, but it seems likely that they occurred after the sediments were deposited as they are affected by precipitation of carbonate overgrowth on foraminifera tests.
In this setting, high methane fluxes in the sediments appear to affect the magnetic susceptibility, the Ca/Ti ratio, and the total inorganic carbon concentration of the sediments. However, the variability in methane fluxes and thus the position of the SMTZ within the sediments means that these parameters are poor proxies for methane seepage. Moreover, the passage of methane through the sediments, and AOM, make it extremely difficult to establish the stratigraphy (e.g., via magnetic susceptibility) or chronostratigraphy ( 14 C dating) of the sediments. Methane-derived authigenic carbonate contains carbon from fossil methane, and its precipitation on planktonic foraminiferal tests leads to extremely old radiocarbon dates which are inconsistent with available stratigraphic constraints. The presence of methane-derived carbonate is confirmed by extremely low d
13 C values, but the radiocarbon ages of samples with identical d 13 C differ significantly. The effect of methane-derived carbon on 14 C warrants further investigation.
The absence of any evidence for methane seepage within the sediments recovered at shallower depths, where gas hydrate would have been stable during past intervals of lower bottom water temperatures [Ferr e et al., 2012] , implies that dissociation of gas hydrate is not the primary control on seafloor methane seepage on the upper continental margin. Rather, we suggest that there is a strong lithological control on methane seepage. A more extensive coring survey is required to determine if seafloor seepage has always been absent at these water depths, together with seismic surveys to determine the links between the sedimentary facies and the subsurface gas distribution and gas migration pathways. As Arctic Ocean bottom waters continue to warm, such surveys are imperative to establish the potential for methane release to the water column due to hydrate dissociation.
